Abstract Sucrose synthesis/accumulation in sugarcane depends on the source-sink communication wherein source responds to sink demand for photoassimilate supply. Sucrose in stalk (sink) acts as signal, and sends feedback to restrain further synthesis of sucrose by regulating photosynthetic efficiency of leaves (source). Hence sucrose synthesis/accumulation is controlled by many genes and regulatory sequences including 3 invertases (SAI, CWI, NI), sucrose synthase (SuSy) and sucrose phosphate synthase (SPS). SPS and invertase play key role in enhancing sink strength which ultimately promotes greater sucrose accumulation in the sink tissues. In present study, a significant positive correlation was found between sucrose% of source and sink tissues which was greater in the top (R 2 = 0.679) than middle (R 2 = 0.580) and bottom (R 2 = 0.518) internodes, depicting that sucrose accumulation in the stalk bears a direct relation with sucrose translocation efficiency from source. Results indicated an increased sucrose% with maturity, while reducing sugar content decreased with crop growth. qRT-PCR results exhibited an elevated expression of invertase in immature sink tissues depicting increased sink requirement, which declined with maturity. Similarly, increased PEP carboxylase gene expression as observed supported the fact that higher sink demand results in enhanced photosynthetic rate and thus influences the source activity. SPS was found active at initial stage of cane development indicating its role in sucrose synthesis. Thus by studying expression patterns of the different genes both, in source and sink tissues, a better understanding of the sucrose accumulation pathway in sugarcane is possible, which in turn can help in elucidating ways to enhance sucrose concentration in sink.
Introduction
Sucrose is the main essence of sugarcane (Saccharum spp.) that makes it one of the important cash crops globally (Gayler and Glasziou 1972) . It is the primary product of photosynthesis translocated to the stalk where it is utilized as source of energy in growth and metabolism (ap Rees 1987) . Sugarcane is mainly grown in tropical and subtropical areas and fixes carbon through C 4 mechanism and produces around 70% sucrose worldwide. The crop is used both for food and biofuel/ethanol (Grof et al. 2007 ). In many un-selected sugarcane genotypes, the level of sucrose that has been reported ranged from 500 to 600 mg g -1 stalk dry mass under experimental field conditions (Berding 1997; Inman-Bamber et al. 2008; Bull and Glasziou 1963; Moore 1995) , and was found to be substantially higher than reported in commercial sugarcane varieties grown under standard conditions (Chandra et al. 2015) . Studies based on biophysical limit had shown that theoretically, sugarcane stalks can store around 30% sucrose (fresh mass) (Bull and Glasziou 1963; Grof and Campbell 2001) indicating that the current sugar yield is still only 65% of the predicted capacity of sugarcane culm tissue Jackson 2005) . This suggest that sugarcane stalk has enough potential to store good amount of sucrose in its stalk (Grof and Campbell 2001) and at the same time indicates the presence of complex mechanism that control the sucrose storage in stalk (Chandra et al. 2015) .To reduce transport cost, sugar industries worldwide preferred enhanced sucrose content in cane rather cane yield so that gain in sucrose content could be exploited economically. To make breeding practice successful, studies are required for better understanding of sucrose accumulation pathway, by gaining information as to how sucrose formation, transportation and accumulation is controlled by source-sink communication. This in fact is considered as one of the key aspect that can help in improving sucrose content McCormick et al. 2009; Chandra et al. 2012) .
Functionally plants are divided into 'source' where net carbon dioxide fixation take place and 'sink' where assimilates finally get stored. In case of sugarcane, the leaves are considered as source whereas assimilate in the form of sucrose get stored in stalk, thus functioning as sink. The quantity of sucrose supplied by the source depends on photosynthetic activity and partitioning between different processes, like starch synthesis in the chloroplast and export of triose-phosphates from the chloroplast, and these processes govern synthesis and storage of sucrose in vacuole. Alteration in any of these factors affects sourcesink relationship in plant (Lemoine et al. 2013) . Sugarcane represents complex source-sink system, where sucrose storage occurs in the stalk parenchymatic cells but not in the ultimate sink tissues. In various plant species including sugarcane, a close coordination is observed between source photosynthetic activity and sink carbon demand (McCormick et al. 2008) . A decline in source photoassimilate is observed when limited sink demand for carbohydrate is desired (Franck et al. 2006 ). Contrary to this, increased photosynthetic rate is observed in source tissues when sink demand is higher (Jeschke and Hilpert 1997; McCormick et al. 2006 ). These studies indicated that source-sink relationship in plants is mainly directed by sink (Paul and Foyer 2001; Watt et al. 2005; McCormick et al. 2006) .
In sugarcane, sink demand for photoassimilate is the main driving factor that guides accumulation of sucrose in maturing sugarcane stalk (Marcelis 1996) . As sucrose production, transportation and accumulation is regulated by many genes and regulatory sequences, the expression profile of the essential genes and pattern of sucrose accumulation in both source and sink tissues in totality is needed to better understand the source-sink relationship (McCormick et al. 2006 (McCormick et al. , 2009 Chandra 2011; Chandra et al. 2011) . Studies so far has primarily focused on sink tissues. Presence of variable concentration of sucrose in the sugarcane culm that depends on their developmental stages, growing conditions, genotype and enzymes namely sucrose synthase (SuSy), sucrose phosphate synthase (SPS) and three invertases (cell wall, neutral and soluble acid invertase) play important role in synthesis, breakdown and transport of sucrose in both leaf and stem tissues (Lingle and Smith 1991; Buczynski et al. 1993; Moore 1995) . Invertases are the main enzyme in maintaining strong source-sink relationship (Roitsch et al. 2003) . In the present investigation, a high sucrose accumulating variety CoJ 64 was contemplated in studying source-sink communication by visualizing the expression patterns of the different genes that are involved in the sucrose metabolism along with pattern of sucrose accumulation in source and sink tissues at different stages of the crop.
Materials and methods

Plant material
An early maturing, high sucrose accumulating sugarcane variety, namely, CoJ 64, was preferred for the study. It was grown at the ICAR-Indian Institute of Sugarcane Research farm (26.78°N, 80.99°E, 111 msl) Lucknow, India. Three bud sets of sugarcane were planted under irrigated condition with a row-to-row distance of 90 cm, in the last week of February, 2016 referred to as spring planting following normal agronomical practices. Cane maturation begins in September when minimum and maximum temperatures are 14-20°C and 28-32°C respectively that favour sugar synthesis and its storage. All analyses were performed in three biological replications. Samplings were accomplished at 210 DAP (days after planting) and then at every 30 days interval viz., 240 DAP, 270 DAP, 300 DAP and 330 DAP. Plant height was determined from the bottom most internode to the LTM (last transverse mark). Sampling was performed by dividing the stalk into three equal portions depending on their internode number, and then specific internode was selected in each portion, marked as bottom middle and top internode for further analysis. Sample from the leaves were also collected designated as source leaf (young leaves), LTM (last transverse mark) leaf and sink leaf (that is found attached to the stalk and below the LTM leaf).
Extraction and estimation of total and reducing sugars
Sucrose% and reducing sugar% were determined in bottom, middle and top internodes of cane and in the three types of leaf i.e. source, LTM and sink leaf at 210, 240, 270, 300 and 330 DAP (days after planting). Fresh cane juice was diluted 100 times and was used to estimate sugar content whereas in case of leaf, sugar was extracted by grinding freshly weighed sample in distilled water. Sugar Physiol Mol Biol Plants was determined by Nelson's method (1944) . Total sugar was estimated by hydrolyzing the total sugar by adding 0.1 N HCl solution and then boiling the samples for 15 min on the water bath. After adding arseno-molybdate reagent, the optical density of the solution was estimated at 540 nm. Sucrose% was estimated by deducting the value of the reducing sugar% from the total sugar%. Brix value depicts the total soluble solids present in juice that includes both sugars and non-sugar molecules. Brix values, an indicator of sucrose% in juice were determined using digital hand refractometer (PAL-1, Atago, Tokyo).
Enzyme extraction and assay
Enzyme extraction was performed by grinding weighed samples in extraction buffer (Zhu et al. 1997 ) from bottom, middle and top internodes and from three leaves of the cane. Invertase activity was estimated at 37°C. Assay mixture contained 250 ll of enzyme extract and 2 ml of 0.1 M citrate buffer (pH 5.2). The reaction was initiated by the addition of 1 ml of 2% sucrose solution. For the control, sucrose was not added in the assay solution. Control sample was boiled for 20 min on water bath to stop the hydrolysis of the endogenous sucrose present in the extract. Reactions were incubated at 37°C for 2 h, and then, reaction was stopped by boiling for 10 min. Hexoses produced after the incubation was estimated by Nelson's method in both experimental and control tubes. Absorbance was measured at 540 nm and differences in the absorbance of control and experiment depicted the invertase activity. Activity of SPS enzyme was analyzed by the synthesis of sucrose at 37°C at pH 7.5 (Hubbard et al. 1989) . 12.5 ll of enzyme extract was added to 12.5 ll of assay solution. The assay solution consists of 100 mM HEPES (pH 7.5), 20 mM Glu-6-P, 4 mM Fru-6-P, 3 mM UDP-Glc, 5 mM MgCl 2 and 1 mM EDTA. For the control, UDP-Glc was not added in assay solutions. Reactions were then incubated at 37°C for 1 h and then reaction was stopped by boiling for 3 min. Sucrose produced was then estimated by using anthrone method postulated by Van Handel (1968) that involved addition of 20 ll of 30% KOH to 20 ll of reaction mixture and then boiled for 10 min, cooled down at room temperature. Synthesized sucrose was then estimated by adding 2 ml of freshly prepared anthrone reagent to 5 ll reaction mixture and then incubated at 37°C for 20 min. Absorbance was measured at 650 nm of control and experimental samples. Protein content in enzyme extract was estimated by the Lowry method (1951) using BSA as the standard protein.
Extraction of the total RNA and semi-quantitative RT-PCR (end-point) analysis
Samples from bottom, middle, and top internodes and three kinds of leaves was collected at different DAP viz. 210, 240, 270, 300 and 330 DAP. Total RNA from these samples was isolated using TRIzol (Invitrogen, USA) reagent. The quantity and integrity of the isolated RNA was checked on 1.0% agarose gels. RNA concentration in all the samples was first normalized on agarose gel and on the nanodrop (Quawell UV-visible spectrophotometer). cDNA synthesis and reverse transcriptase PCR was performed using one-step reverse transcriptase PCR kit (Qiagen, USA). 25S ribosomal RNA (25S rRNA) was used as reference gene to normalize gene expression (Iskandar et al. 2004) . As per Table 1 , specific primers were used to carry out the expression analysis. The reaction cycles for the end-point PCR were as follows: 50°C for 30 min, 95°C for 15 min and then 40 cycles consisting each cycle of 94°C for 1 min, 58°C for 1 min, 72°C for 1 min, and final extension of 72°C for 10 min. End-point PCR was performed using Surecycler 8800 (Agilent Technologies, USA). Amplified products were separated on 1.6% agarose gel and visualized using gel documentation system (Alpha Innotech, San Leandro, CA, USA).
Quantitative real-time PCR (qRT-PCR) analysis
First strand cDNA synthesis was done using 2 lg of total RNA, oligo-dT and RevertAid H minus Reverse Transcriptase (Thermo Scientific), as per the manufacturer's instructions. Gene-specific primers designed corresponding to SAI, CWI, SPS and SuSy (Chandra et al. 2015) ( Table 2) , were utilized to estimate the genes expression by real-time PCR analysis. The real time PCR was carried out in 48-well plates on a Step One Real-Time PCR system (Applied Biosystems, USA) using SYBR Green PCR Master mix (Applied Biosystems, USA).The cycling conditions used were as follows: 50°C for 2 min, and 95°C for 10 min, as holding stage, 40 cycles of 95°C for 15 s, and 60°C for 1 min. The gene encoding 25S rRNA (Table 1 ) was used as reference (i.e. for calibration) in all reactions. Real time PCR was carried out using the relative quantification method and expression ratios were computed from cycle threshold values to obtain 2 -DDCT or RQ values, depicting fold change.
Data analysis
Statistical data analysis was conducted on the data derived from three independent experiments conducted on the three biological replicates. Results were depicted as mean ± SD.
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Real time and end point PCR were also executed in three replications from the three biological replicates.
Results and discussion
Total sugar and hexoses in early maturing high sugar variety Total sugar and reducing sugars (hexoses) were measured at 210, 240, 270, 300 and 330 DAP in both stalk (sink) and leaf (source) of early maturing high sugar variety (CoJ 64) of sugarcane. Both Brix and sucrose as depicted in Fig. 1a , b showed significant variability among top, middle and bottom internodes. In general, brix% was higher in bottom internode than those in middle and top internodes. It ranged between 17.1 and 21.7% in bottom while in middle and top internodes, it ranged between 15 and 22%. Sucrose, the major sugar present in cane juice decreased from bottom mature to top immature internodes of the cane. Similarly, reducing sugars in general were found higher in the initial growth stages which declined with maturity whereas within cane, it decreases from top to bottom internodes. In bottom internodes reducing sugar% ranged from 3.78 to 0.075%, in middle internodes from 4.63 to 0.02% and in top internodes, it ranged from 8.62% to 0.1% (Fig. 2a) . The level of decline in the reducing sugar % was found almost eight times higher in the top internodes from 210 DAP to 270 DAP as it is immature and needs more hexoses for growth and metabolism leading to improved sink strength needed for accumulation of sucrose in its active sucrose accumulating phase i.e. 300 DAP and onwards. As depicted in Fig. 2 , both reducing sugar and sucrose content (Fig. 1c) in source leaves decreased with crop growth, which later increased at 330 DAP indicating that they start accumulating in source tissues as the cane reaches maturity. Normally sucrose is synthesized in cytosol of leaf mesophyll cells, enters into phloem cells by proton-sucrose sympoter and finally unloaded in stem parenchyma through cleavage and re-synthesis of sucrose (Jacobsen et al. 1992; Welbaum et al. 1992; Roitsch et al. 1995) . In the present study, source leaf being youngest and immature depicted less sucrose% than last transverse mark (LTM) and sink leaves. Though being metabolically active, a drastic decline in the sucrose% was visualized in LTM leaf vis a vis higher sucrose% in sink leaf over source and LTM leaves. No definite pattern was observed with respect to the level of sucrose in source tissues, possibly due to variation in the photosynthetic efficiency of leaves and demand from sink tissues. Hibberd and Covshoff (2010) reported that increased sink demand was found to be associated with increased photosynthetic rate of leaf and a decrease in leaf total sugar content. This was further found in accordance with the up regulation of the C 4 photosynthesis related genes. In the present study, a significant positive correlation was observed between sucrose% of source and sink tissues, inferring that sucrose content in sink tissue depends on source efficiency to synthesize it (Table 3) . At 210 DAP, leaf (source tissues) showed higher level of sucrose and reducing sugar content. This was in tune with the fact that sink tissues were in its elongation phase and sugar accumulating tendency was less, depicted by highest reducing sugar and lowest sucrose content at 210 DAP in sink tissues indicating greater affinity of metabolic substrates in developing cells of stalk. This was also supported by the fact that a higher correlation was observed in top internode (R 2 = 0.679) than those observed in middle (R 2 = 0.580) and bottom (R 2 = 0.518) internodes (Table 3) . At 330 DAP, higher sucrose content in leaf was observed when stalk attains maturity and had no scope for further accumulation of sucrose. 
Enzyme activity
Sucrose content in storage parenchyma of sugarcane stalk has been reported to be mainly regulated by invertase enzyme (Hatch and Glasziou 1963 ). In the current study, in the grand-growth phase including early maturing period (210-270 DAP) when elongation in cane was still seen, invertase activity was found elevated and was highest in the top immature internodes than those in bottom internodes (Fig. 3a) . Invertases cause hydrolysis of sucrose and provide mono-saccharides for cell elongation and there is a greater requirement of this enzyme in the developing cells. As cane begins to accumulate sucrose, invertase activity starts to decline with growth phase, as observed in the present study where a significant negative correlation between sucrose% and invertase activity is observed (Table 3 ). This correlation was more pronounced in bottom internode (R 2 = 0.723) than in the middle (R 2 = 0.545) and top (R 2 = 0.269) internodes. At active sucrose accumulation phase (300-330 DAP), decline in invertase activity was observed maximum. Moreover, this has started even earlier (210-240 DAP) in the bottom internodes. Talking about Physiol Mol Biol Plants reducing sugar, its level was found higher at the initial growth stage concomitant with higher invertase activity (R 2 = 0.954; Table 3 ). LaLonde et al. (2003) reported that the sink demand for growth and respiration is fulfilled by the young leaves. In leaf samples at initial stage i.e. at 210 DAP, a higher invertase activity was observed which declined with the growth phase i.e. from 240 to 330 DAP (Fig. 3b) . In present study, invertase activity was in correspondence to the reducing sugar content in leaf. Elevated invertase activity was seen in leaves as they were also in their early growth stages and needed higher content of hexoses for their development.
Activity of sucrose phosphate synthase (SPS) enzyme was observed to be higher during elongation cum early maturing phase i.e. 210-270 DAP and was maximum in immature top internodes (Fig. 3c) . With growth, SPS activity improved, but declined with the start of sucrose accumulation in stalk, confirming the involvement of SPS in the synthesis of sucrose. If the changing patterns of the activities of the invertase and SPS enzymes are taken together, the increased activities especially at the early developmental stages helped in enhancing sink strength and sink demand, resulting in increased sucrose content in the stalk. A similar pattern of change in SPS activity was observed in leaf samples (Fig. 3d) . A non-significant negative correlation was observed between SPS activity and sucrose% of stalk leading to inference that SPS activity decreases with maturity of cane due to decrease in the sink demand. Results indicated that SPS in the leaf is mainly involved in sucrose biosynthesis whereas in the stalk, it is involved in the re-synthesis of sucrose from the hexoses, which were initially transported during growth phase. Therefore, SPS activity was found higher in the initial growth phases than in final sucrose accumulation phase i.e. 300-330 DAP. Zhu et al. (1997) and Lingle (1999) have reported that SPS and invertase play key role in regulating sucrose accumulation in sugarcane. Stitt et al. (1987) suggested that if loading capacity of phloem decreased, assimilate supply will decline.
End-point PCR analysis of genes associated with sucrose accumulation in high sugar variety
In order to visualize the expression of genes associated with sucrose metabolism, quantitative reverse transcriptase PCR (end point) of SAI, CWI, NI, SuSy and SPS genes was performed in bottom, middle and top internodes (sink tissues) and SAI, CWI, NI, PEP carboxylase and sucrose transporter (SUT1) genes in source tissues encompassing last transverse mark (LTM) source and sink leaves at different growth stages. At early stage (210 DAP), SAI expression was significantly higher and this was more towards top internodes. At later stages, the expression of SAI was not distinct as both increasing and decreasing trend was observed in middle and top internodes. Nevertheless at 300 DAP, a higher level of SAI expression was observed in top internodes possibly preparing the top portion of the cane to gather more sucrose as higher sucrose content was observed at 330 DAP (Fig. 4a, c) . In leaf sample at 210 DAP, higher SAI expression was found in source leaf than in LTM and sink leaf. Increased invertase activity was observed at 240 DAP in all three leaves; whereas in source and sink leaf specifically, a gradual suppression was observed with due course of maturity while no definite pattern was observed in LTM leaf (Fig. 4b, d ). In general, upregulation of invertase gene causes hydrolysis of sucrose thus raising hexose content and declining sucrose content (Hammond et al. 1984) .
Cell wall invertase plays an important role in phloem loading and assimilate uptake, especially in sink tissues, resulting in steep concentration gradient from source to sink (Verma et al. 2017 ). In the initial growth phase (210 DAP), higher CWI expression was found which declined with maturity in stalk. At 210 DAP, highest CWI expression was observed in top internodes whereas it was lowest in bottom and this gradient continued at maturity albeit with a decline in level with maturity (Fig. 5a, c) . A gradual decrease in the expression of CWI with hexose content with increasing maturity of internodes has been reported in sugarcane (Albertson et al. 2001; McCormick et al. 2008) , signifying the importance of gradient generated by CWI. Ruan and Chourey (2006) reported the importance of both SAI and CWI in plant development. In leaf samples, higher CWI expression was observed at early stage of the crop which declined with maturity and was found the lowest at 330 DAP, indicating a better leaf growth and higher photosynthetic rate at the initial stage (Fig. 5b, d) . Tang et al. (1999) reported that in carrot (Daucus carota) reduced leaf growth was observed due to suppression of vacuolar acid invertase and cell wall bound invertase.
Though physiological role of neutral invertase is still inconclusive, its expression was highest at 210 DAP in both source and sink tissues which declined at 240 and 270 DAP and at 300 and 330 DAP, negligible expression was visualized in both stalk and leaf samples (Fig. 6) . Bosch et al.(2004) reported higher NI transcripts and protein in young sugarcane tissues that have low sucrose level, suggesting its involvement in providing hexoses to the young tissues. However, Sturm (1999) reported steady-state expression of NI genes. All three invertases (SAI, CWI and NI) hydrolyzes sucrose and provide hexoses for carrying out the metabolic function, resulting in increased sink strength, which in turn helped in sugar signaling that play supportive role in the sucrose accumulation in spatial and temporal manner (Nonis et al. 2007; Chandra et al. 2015; Verma et al. 2017 ).
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Sucrose synthase (SuSy) and neutral invertase (NI) are the two important enzymes that play key role in degradation of the sucrose in cytosol. In-vivo sucrose synthase catalyses reversible reaction, that causes sucrose cleavage in those sink tissue which are supplied with ample amount of sucrose and with high demand from respiratory and carbon biosynthetic pathways (Geigenberger and Stitt 1993) . Expression study as performed at different growth intervals in the stalk tissue indicated a very high and significant expression of SuSy at 210 DAP which gradually declined at 240 DAP and became negligible at 270 DAP. At the verge of maturity and sucrose accumulation (300 DAP), its expression was visualized in bottom and top internodes, whereas at 330 DAP, expression was observed in the whole cane (Fig. 7) . Our results were in accordance to the results reported by Gutierrez-Miceli et al. (2002) , wherein high expression of SuSy was found associated with sucrose content. Barratt et al. (2001) reported that developmental and environmental factors including plant sugar status regulated the expression of SuSy gene.
Expression of PEP carboxylase and sugar transporter gene was analyzed in all three sets of leaf samples (source, LTM and sink) collected at different DAPs. Expression of PEPC was found higher at 210 DAP in all leaves and among these, highest expression was seen in the source leaf followed by LTM and sink leaf. In source leaf, expression declined at 240 and 270 DAP while in LTM and sink leaf, it increased with maturity. At 300 and 330 DAP, negligible transcripts were detected in source while at 300 DAP, higher expression was seen in the sink leaf, at 330 DAP, a lower expression was observed in LTM and sink leaf (Fig. 8b) . Phosphoenol pyruvate carboxylase play important function in the initial steps of carbon fixation in C 4 plants and its expression changes with temperature and in stress condition (Lian et al. 2014 ). Increased expression of photosynthetic genes result in increased photosynthetic activity leading to increased photoassimilate supply to the stalk tissues to fulfill its demand for the same (McCormick et al. 2008 ). The present results indicated differential expression of PEPC, however higher expression supported increased supply of photoassimilates. Expression of sucrose transporter (ShSUT1) gene was negligible at early stage of the crop (210 DAP) but at 330 DAP, a higher expression of the gene was observed in LTM and sink leaves (Fig. 8a) . Rae et al. (2005) reported predominant expression of SUT1 in mature leaves involved in exporting sucrose. To visualize the expression of genes on real time basis, expression analysis of selected genes namely SAI, CWI, SuSy and SPS in sink tissues and CWI and SPS in LTM leaf was carried out at early (210 DAP) and later stages (330 DAP). Differential expression through real time PCR was estimated in terms of RQ value (RQ = Relative quantification). Decreased expression of these genes was visualized in all internodes at 330 DAP (Table 4) . Expression of CWI and SPS declined in leaf samples (Fig. 9) . Pattern of expression of genes as visualized through real time PCR analysis were similar to those observed with end point PCR. Expression of invertase was high in sink tissues at an early stage, favouring a decreased sucrose concentration in the sink tissue. An increased sink capacity directed more accumulation of sucrose. Higher invertase and SPS activity in the initial phase of the crop helped in increasing sink potential for enhanced sucrose accumulation. In leaf sample, higher CWI and SPS expression was found at 210 DAP that helped in the growth and development of the source and regulating the storage of the photoassimilates in sink tissues (Fig. 9d) . Our earlier reports indicated a decreased expression of invertase at maturity and this was earlier in early maturing variety than in late maturing (Chandra et al. 2015) . Results support the hypothesis that expression of invertase has to decline with maturity of the crop, but should be high at early stage to facilitate strengthening sink tissues.
Source-sink dynamics and expression patterns of associated gene(s)
As stated above, source tissues act as sucrose supplier to meet the sink demand. Sugarcane being C 4 plant, carbon fixation is catalyzed by PEP carboxylase and SPS acts as key enzyme for sucrose synthesis in source. In the present pursuit, the elevated expressions of PEP carboxylase and SPS at 210 DAP as well as sucrose content as observed in source tissues, presumably happened in response to the increased sink demand as exhibited by higher invertase and SPS activity. However in sink tissues at 210 DAP, lower sucrose content was seen compared to later stages, as sink tissues were still in elongation phase (depicted by higher invertase activity) and still have not attained enough strength to store reasonably higher sucrose. Based on gene expression analysis, Tejera et al. (2007) reported that sink growth activity affects the sucrose yield. Later, at 240 and 270 DAP, a gradual decline in the sucrose content and increase in expression of SPS and PEP carboxylase was observed in source tissues and at the same time in sink tissues, gradual increase in SPS and sucrose content with steady decline in invertase activity was observed indicating influence of gene expression on sucrose content. These results propose that sink signals to source to supply sucrose to fulfill its need for gradual attainment of strength for storing substantial amount of sucrose in it. Contrary to this, at 300 and 330 DAP, source tissue depicted decrease in expression of SPS and PEP caboxylase and increase in sucrose content. In sink tissue, marked increase in sucrose content along with decline in SPS and invertase activity as noticed further suggested existence of source-sink relationship in sugarcane. This increase in sucrose content in the source tissues was due to decreased sink demand, as sink attains saturated concentration of sucrose and sends feedback signal to the source, resulting in decline in the expression of SPS and other photosynthetic gene as suggested by Paul and Foyer (2001) wherein net photosynthetic rate and carbon status of source organ is largely influenced by the sink carbon demand.
Conclusion
Sucrose accumulation in sugarcane is an intricate and complex process depending on the photosynthetic competency of source (leaf) and strength of the sink (culm/stalk) tissues. Leaf efficiency to 'supply' photoassimilate and sink 'demand' is mutually inter-dependent and guide sucrose storage in the sink. Differential expression especially over-expression of SAI and SPS genes at early stage of the growth helped in strengthening sink and thereafter reduced expression directed increased sucrose content in stalk. To keep the supply on, multisite modulation of the gene/s involved in the signaling pathway between source and sink is needed. Present results demonstrated that invertase and SPS are the main enzyme that regulate sink The present study provides a platform for advance research to build transgenic strategies to increase culm sucrose content and crop yield in sugarcane. Identifying and characterizing the genes that are involved in this signaling pathway and how these genes regulates source-sink dynamics has become a key focus of plant molecular and physiological research.
